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ARTICLE
East-derived strata in the Methow basin record rapid
mid-Cretaceous uplift of the southern Coast Mountains batholith1
Kathleen D. Surpless, Zachary T. Sickmann, and Trevor A. Koplitz
Abstract: The Jurassic–CretaceousMethow basin of northernWashington State and southern British Columbia forms an overlap
sequence linking several small tectonostratigraphic terranes. Sandstone petrography, sandstone and mudrock geochemistry,
and detrital zircon U–Pb age and Hf analysis of mid-Cretaceous, east-derived Methow strata together document a remarkably
uniformprovenance signature that suggests proximal, abundant, and unchanging sediment sources throughout deposition. The
eastern belt of the Coast Mountains batholith, intruded into Stikine and related inboard terranes of the Intermontane super-
terrane, along with Jurassic and Cretaceous plutons of the westernmost Okanogan Range, provide the best match to the
provenance signature of east-derived sediment in the Methow basin during the mid-Cretaceous. Furthermore, the Cretaceous
and Jurassic plutons of the eastern Coast Mountains batholith and western Okanogan Range were rapidly uplifted to provide the
substantial thickness of sediment in the Methow basin, and they must have acted as a topographic barrier that effectively
prevented sediment derived from the continental interior from reaching the basin. This uplift of a proximal eastern source
occurred during regional late Early Cretaceous sinistral transpression and resulted in subsidence of the Methow trough and
rapid deposition of east-derived strata in the Methow basin. Because Methow sediment sources apparently did not include the
North American interior, the extent of post-depositional large-scale translation relative to the North American craton of the
Methow basin with its proximal, eastern sources cannot be unequivocally determined.
Résumé : Le bassin deMethow (Jurassique–Crétacé) du nord de l'État deWashington et du sud de la Colombie-Britannique formeune
séquence de chevauchement reliant plusieurs petits terranes tectonostratigraphiques. La pétrographie des grès, la géochimie des grès
et des pélites ainsi que les âges déterminés par U–Pb sur des zircons détritiques et des analyses Hf des strates deMethowprovenant de
l'est (Crétacé moyen) documentent ensemble une signature de provenance remarquablement uniforme, suggérant des sédiments
de sources proximales, abondantes et inchangées durant toute la déposition. La ceinture est du batholite de la Chaîne côtière,
introduite dans le terrane de Stikine et d'autres terranes intérieurs reliés du superterrane intermontagneux, et les plutons datant du
Jurassique et du Crétacé de la partie la plus a` l'ouest du chaînon Okanogan, fournissent lameilleure concordance pour une signature
deprovenancede sédimentsde l'est vers le bassindeMethowauCrétacémoyen.Deplus, les plutonsdatantduCrétacé et du Jurassique
du batholite de l'est de la chaîne Côtière et de l'ouest du chaînon Okanagan ont été soulevés rapidement, fournissant l'importante
épaisseur de sédiments dans le bassin de Methow, et ils ont dû agir de barrière topographique qui a effectivement empêché les
sédiments provenant de l'intérieur du continent d'atteindre le bassin. Ce soulèvement d'une source proximale a` l'est a eu lieu durant
une transpression senestre régionale, a` la fin du Crétacé précoce, et a conduit a` la subsidence de la fosse deMethow et a` la déposition
rapide de strates provenant de l'est dans le bassin de Methow. Puisque les sources des sédiments du bassin de Methow n'incluaient
apparemment pas l'intérieur de l'Amérique duNord, l'étendue de la translationpost-déposition a` grande échelle dubassin deMethow
avec ses sourcesproximalesde l'est, par rapport aucratonde l'AmériqueduNord,nepeutpas êtredéterminéedemanière catégorique.
[Traduit par la Rédaction]
Introduction
Unraveling the tectonic history of amalgamation and subse-
quent accretion, deformation, and coast-parallel translation of
terranes within the North American Cordillera is at the core of
longstanding questions and controversy regarding the Mesozoic
and younger Cordillera (e.g., Haggart et al. 2006). Moreover, mag-
matic arcs in different regions of the North American Cordillera
have undergone episodes of magmatic flux, uplift, and exhuma-
tion that varied in their timing, rate, and magnitude (e.g., Ducea
2001; Kimbrough et al. 2001; Gehrels et al. 2009). Examining the
stratigraphy of sedimentary basins that received detritus from
these uplifted and dissected arcs provides crucial information for
better understanding active arc processes and Cordilleran tec-
tonic events.
The Jurassic–Cretaceous Methow–Tyaughton basin, currently
located in northern Washington State and southern British Co-
lumbia (Fig. 1), was deposited during suturing of the Insular and
Intermontane superterranes (Monger et al. 1982; Armstrong 1988;
Thorkelson and Smith 1989; Garver 1992). Previous research fo-
cused on detrital zircon analysis of east-derived sediment that
filled the Methow basin during and following Insular superter-
rane accretion, and concluded that theMethow detrital zircon age
spectra match well with ages of plutonic source regions in the
southern Canadian Cordillera, suggesting onlyminor post-accretion
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Fig. 1. (A) Geologic map of the southern Methow block showing units and structures discussed in the text as well as sample sites; white
numbers in sample sites correspond to sample location numbers provided in Table 1. Map adapted from Enkin et al. (2002) and McGroder
et al. (1990). (B) Regional geologic map of the southern Canadian Cordillera showing major structural features and terranes (from Enkin et al.
2002). The northern and southern blocks of the Methow terrane are shown in stippled grey pattern. (C) Overview map of the Canadian
Cordillera showing the distribution of tectonic belts (from Enkin et al. 2002). The area of B is outlined in black.
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dextral translation of the Insular superterrane to its present loca-
tion (DeGraaff-Surpless et al. 2003). In this paper, we present new
detailed provenance data from the east-derived Harts Pass and
Winthrop formations and the overlying GoatWall unit within the
Methow basin to document temporal and spatial changes in
source-basin evolution through mid-Cretaceous time.
Sandstone petrography, sandstone andmudrock geochemistry,
and new detrital zircon U–Pb age and Hf analysis of east-derived
Methow strata together document a remarkably uniform prove-
nance signature that suggests proximal, abundant, and unchanging
sediment sources throughout deposition. Consistent with previous
provenance interpretations (DeGraaff-Surpless et al. 2003), the east-
ern belt of the Coast Mountains batholith (cf. Gehrels et al. 2009)
and plutons of the westernmost Okanogan Range (Petö and
Armstrong 1976) provide the best match to the provenance signa-
ture of east-derived sediment in the Methow basin during the
mid-Cretaceous. Furthermore, mid-Cretaceous subsidence of the
Methow basin occurred with rapid uplift of the Jurassic and Cre-
taceous plutons of the eastern Coast Mountains batholith and
westernmost Okanogan Range, permitting deposition of a sub-
stantial thickness of east-derived sediment in the Methow basin.
The uplifted Jurassic and Cretaceous magmatic arc acted as a top-
ographic barrier that effectively prevented sediment derived from
the continental interior from reaching the basin. Late Early Creta-
ceous regional transpression resulted in subsidence of the Methow
trough and uplift of terranes immediately east of the basin.
Although consensus has not yet emerged regarding the com-
plete history of accretion, magmatism, and terrane translation
(e.g., Butler et al. 2001; Haggart et al. 2006), several paleotectonic
models have been proposed that juxtapose terranes and predict
stratigraphic correlation between currently separate sedimentary
basins (e.g., Umhoefer and Blakey 2006; Wyld et al. 2006; Dorsey
and Lenegan 2007). For example, Wyld et al. (2006) suggest that
the Methow basin may have formed the northern continuation of
a combined Hornbrook–Ochoco basin, and Umhoefer and Blakey
(2006) suggest that the Methow basin may have been located out-
board of the Great Valley Group during mid-Cretaceous deposi-
tion. The detailed provenance signature of mid-Cretaceous strata
in the Methow basin we present here is distinct from that of the
Hornbrook and Ochoco basins, as well as the Great Valley Group.
In fact, our detailed Methow basin provenance signature does not
match well with any coeval sedimentary basins or potential
sources to the south in the US and Mexican Cordillera. However,
because Methow sediment sources apparently did not include the
North American interior, the extent of post-depositional large-
scale translation relative to the North American craton of the
Methow basin, together with its proximal magmatic arc sources,
cannot be unequivocally determined.
The Methow basin
Regional framework
Jurassic and Cretaceous strata that unconformably overlie the
Lower Triassic Spider Peak Formation (Ray 1990) comprise the
Methow terrane, which consists of a northern and southern block
separated by Late Cretaceous to Paleogene dextral translation on
the Fraser – Straight Creek fault system (Fig. 1B; Monger 1970;
Kleinspehn 1982; Umhoefer and Schiarizza 1996). Similar Jurassic
and Lower Cretaceous strata unconformably deposited on the
Bridge River and Cadwallader terranes are considered part of
the Tyaughton basin, an adjacent basin that was linked with the
Methow basin to form the continuousMethow–Tyaughton system
by Late Cretaceous time (Garver 1989, 1992), but may have been
associated by as early as Middle Jurassic time (Mahoney 1994). The
Cretaceous Methow–Tyaughton rocks are located between the In-
sular and Intermontane superterranes (Fig. 1B; Kleinspehn 1985;
Garver 1992; Garver and Brandon 1994; Haugerud et al. 1996). East
of theMethow–Tyaughton system are Jurassic and Cretaceous plu-
tons of the Okanogan Range and the eastern belt of the Coast
Mountains batholith (cf. Gehrels et al. 2009), as well as the amal-
gamated terranes of the Intermontane superterrane (Quesnel and
Cache Creek terranes) and the Omineca Belt (Fig. 1C). The southern
Methow block spans the Canadian–USA border, and is bordered by
the Pasayten fault to the east and the Hozameen— Straight Creek
fault system and the Ross Lake fault to the west (Fig. 1A).
Tectonic history
Upper Paleozoic and LowerMesozoic ribbon chert and greenstone
of the Hozameen and Bridge River Groups form the basement of
the Cretaceous Methow basin, and have been interpreted as an ac-
cretionary complex thrust onto the continent during subduction
(Kleinspehn 1985; Garver 1992; Garver andBrandon 1994; Garver and
Scott 1995). Lower Mesozoic volcanic and volcaniclastic rocks were
deposited in the Methow basin forearc associated with Early Meso-
zoic subduction (Tennyson and Cole 1978; Haugerud et el. 1996).
Lower Cretaceous units, which include the Jackass Mountain Group
and partly correlative Harts Pass Formation (Garver and Brandon
1994; Mahoney 1994; DeGraaff-Surpless et al. 2003; MacLaurin et al.
2011), are composed of terrigenous, east-derived sediment that was
derived fromvolcanic andplutonic source rock anddeposited on the
older basement terranes (Kleinspehn 1985).
During mid-Cretaceous compression (Tennyson and Cole 1978)
associated with the accretion of the Insular superterrane with
North America (Kleinspehn 1982; Garver et al. 1988; Garver 1989,
1992), the Bridge River Complex – Hozameen Group was uplifted
either through transpressivewrench-faulting (Trexler andBourgeois
1985), or as an accretionary wedge developed along western North
America (Garver and Brandon 1994; Garver and Scott 1995). The up-
lift of the Bridge River Complex – Hozameen Group west of the
Methow basin margin provided a new western sediment source
beginning in middle Albian time that is represented in the west-
derived Little Jack and Jackita Ridge units (Haugerud et al 1996)
and the Virginian Ridge Formation (Trexler and Bourgeois 1985;
Garver 1992; Garver and Brandon 1994). The Little Jack and Jackita
Ridge units interfinger with the east-derived Harts Pass Forma-
tion, and the Virginian Ridge Formation interfingers with the
east-derived Winthrop Formation. The Virginian Ridge and Win-
throp formations are overlain by the volcanic-rich Goat Wall unit
(formerly Midnight Peak Formation; Enkin et al 2002), recording
the ultimate filling of the basin (Kiessling and Mahoney 1997;
Kiessling 1998).
Late Cretaceous and Paleogene deformation uplifted, folded,
and faulted the Methow basin, resulting in intrabasinal thrust
faults, local unconformities, and east-vergent folding (Tennyson and
Cole 1978; Kleinspehn 1985; Garver 1992). Approximately 110 km of
dextral displacement on the Fraser – Straight Creek fault occurred
during Late Cretaceous tomiddle Paleogene time (Kleinspehn 1985),
with separation of the northern and southern blocks of the Methow
terrane occurring between ca. 44 and 34 Ma (Enkin et al. 2002). The
extent of Cretaceous to early Paleogene displacement on the Pasay-
ten fault ismore controversial (e.g., Lawrence 1978; Butler et al. 1989;
Hurlow 1993;Wynne et al. 1995;Wyld et al. 2006). The Pasayten fault
has been proposed as the locus for large-scale dextral translation;
values of displacement on the Pasayten fault range from <1000 km
(e.g., Butler et al. 1989; Kodama and Ward 2001) to >3000 km of
displacement (e.g., Wynne et al. 1995; Irving et al. 1996; Ward et al.
1997).
East-derived strata
The upper Jackass Mountain Group in southern British Colum-
bia and correlative Harts Pass Formation in northernWashington
State (Figs. 1A, 2) formed in the waning stages of an Early Creta-
ceous open marine environment (Kleinspehn 1985), with depo-
sition of the west-derived Little Jack and Jackita Ridge units
indicating emergence of a western source during Albian time
(Haugerud et al. 1996). The Jackass Mountain Group is Hauterivian
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to Albian in age and contains volcanic-rich lithic wacke, felspathic
wacke, and boulder conglomerate (Kleinspehn 1985; MacLaurin
et al. 2011). Paleocurrent indicators, such as cross-laminae, along
with upward-fining sequences and grading patterns suggest that
Jackass Mountain sedimentation occurred as periodic mass flows
and turbidity currents within a submarine fan system (Coates
1974; Tennyson and Cole 1978; Kleinspehn 1985). Although plant
debris occurs in the Jackass Mountain Group, Kleinspehn (1982)
interpreted an overall lack of fauna as indicative of sedimentation
in amarine environment. Alternatively, MacLaurin et al. (2011) inter-
preted a large, shallow-water deltaic depositional environment for
the Jackass Mountain Group in the northernMethow block, with a
west-northwest–east-southeast-trending paleoshoreline.
The upper portion of the Jackass Mountain Group in Canada has
been correlatedwith theHarts Pass Formation inWashington, and is
considered Albian in age (Fig. 2; Tennyson and Cole 1978; McGroder
et al. 1990; Haugerud et al. 1996). The Harts Pass Formation is up to
3200 m thick (Barksdale 1975; McGroder et al. 1990) and consists of
graded sandstone and siltstone beds with high plagioclase and low
potassium feldspar content (Tennyson and Cole 1978). Paleocurrent
analyses of groove casts, elongate clast orientation, ripple-drift cross-
laminations, and flute marks indicate westward transport of sedi-
ment in turbidity currents that formed submarine fans (Tennyson
andCole 1978). FollowingMcGroder et al. (1990), we refer collectively
to the upper Jackass Mountain Group in southernmost British Co-
lumbia and the Harts Pass Formation in northernWashington State
as the Harts Pass Formation.
The Pasayten Group was deposited on the Harts Pass Formation
with local unconformity, and includes the Virginian Ridge Forma-
tion, Winthrop Formation, and Goat Wall unit (former Midnight
Peak Formation; Coates 1974;Haugerud et al. 1996; Enkin et al. 2002).
The Virginian Ridge Formation is of Cenomanian(?) to Turonian age,
locally contains gastropod fossils of probable Turonian age (Fig. 2;
Enkin et al. 2002), and has variable thickness of 300–3400 m
(Barksdale 1975; Haugerud et al. 1996; Enkin et al. 2002). The Virgin-
ian Ridge Formation has been interpreted as a west-derived deltaic
fan system based on paleocurrent indicators, including ripple-drift
cross-laminations, and eastward thinning (Tennyson and Cole 1978;
Trexler and Bourgeois 1985). The Virginian Ridge Formation pri-
marily consists of argillite, siltstone, and sandstone with some
chert pebble conglomerates (Tennyson and Cole 1978; Trexler
and Bourgeois 1985; Garver 1992; Haugerud et al. 1996). The typical
mode given by Tennyson and Cole (1978) of Q30F25L45 includes about
40% chert fragments. Because of its high chert content, the western
source for theVirginianRidge Formationhas been interpreted as the
uplifted Hozameen or Bridge River Group accretionary complex
rocks that formed awestern sediment source for themid-Cretaceous
Methow basin (Trexler and Bourgeois 1985; Garver 1992). The west-
derived Virginian Ridge Formation interfingers with the largely con-
temporaneous, east-derived Winthrop Formation.
The up to 4000m thick Albian to TuronianWinthrop Formation
consists of primarily fluvial and deltaic deposits oriented to the
south-southeast, with abundant trough cross-bedding, small cross
laminations, and climbing ripples (Tennyson and Cole 1978;
Trexler and Bourgeois 1985; Haugerud et al. 1996). Paleocurrent
analysis on oriented wood fragments, cross-stratification foresets
and trough axes documented an eastward direction of transport
(Cole 1973). The age of theWinthrop Formation is based on Albian
plant fossil assemblages (Miller et al. 2006), interfingering rela-
tionshipwith the Virginian Ridge Formation, a lower contact with
the Albian Harts Pass Formation (Fig. 2; Coates 1974; Barksdale
1975), and crosscutting 88–90 Ma plutons (Haugerud et al. 1996).
Bioturbation, wood fragments, and plant leaf fossils indicate that
this formationwasmore continental in nature than theHarts Pass
Formation (Kiessling and Mahoney 1997). The Winthrop Forma-
tion is compositionally similar to that of the older, east-derived,
Harts Pass Formation, except for an increase in volcanic lithic
fragments (Garver 1992; Kiessling 1998).
The Turonian to Coniacian Goat Wall unit is characterized by red
mudstone intercalated with coarser-grained lithic wacke and con-
glomerate with high volcanic lithic fragment components and an-
desitic and pyroclastic flows (Tennyson and Cole 1978; Kiessling and
Mahoney 1997). The Goat Wall unit includes red interbedded volca-
nogenic siltstone, sandstone, and conglomerate of the Ventura
member, deposited in a braidedfluvial system (Kiessling 1998)with a
basal contact on the underlying Virginian Ridge and Winthrop for-
mations that is locally an angular unconformity (Garver 1992).
Garver (1992) considered conglomerate of theVenturamemberwest-
deriveddue to its high chert content and similarity to theunderlying
Virginian Ridge Formation. McGroder et al. (1990) noted that the
Venturamember conglomerate ismore heterolithic than the Virgin-
ian Ridge Formation and contains clasts derived from underlying
Methow basin units that include the Winthrop Formation and pos-
sibly the Harts Pass Formation. Sandstone clast sizes in the Ventura
member conglomerate are largest where the angular unconformity
between theWinthrop Formation and Venturamember ismost pro-
nounced (McGroder et al. 1990).
Fig. 2. Schematic stratigraphy of the Methow basin, modified from Enkin et al. (2002) and DeGraaff-Surpless et al. (2003).
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Provenance methods and results
Sandstone petrography: methods and results
Sandstone grains of the Harts Pass Formation and Winthrop
Formation are poorly sorted and angular, ranging in size from 0.05
to 2 mm. Most thin sections were stained with sodium cobaltini-
trite to improve identification of potassium feldspar grains; how-
ever, staining appeared only faintly, if at all, suggesting either a
lack of potassium feldspar or poor staining procedures and mak-
ing identification of potassium feldspar unreliable. Point counts
were conducted using the methods of Dickinson (1970). At least
400 points were counted from 31 samples (see Table 1 for sample
locations). Matrix content (including possible pseudomatrix)
averages 1%, and ranges from <1% to as much as 4.5%; uniden-
tifiable grains comprise up to 10.8% of a sample, with the sum of
matrix/pseudomatrix and unidentifiable grains never exceeding
11.4% (Table 2). Although samples with >12% combined matrix/
pseudomatrix and unidentifiable grains were not counted, signif-
icant alteration of feldspar grains and unstable lithic grains is
apparent in almost all thin sections, perhaps resulting in under-
counting of unstable grains.
Point-count data from 14 sandstone samples of the Harts Pass
Formation yield average QFL values of Q35F65L1 (Table 2). Both the
QFL and QmFLt diagrams show that all Harts Pass samples reflect
basement uplift provenance within the continental block prove-
nance field of Dickinson et al. (1983; Fig. 3). Point-count data from
17 sandstone samples from the Winthrop Formation yield an av-
erage of Q25F47L27 and record greater compositional variability
than the Harts Pass Formation (Table 2). Winthrop Formation
samples plot across basement uplift, dissected arc, and transi-
tional arc provenance fields (Fig. 3). The samples with the fewest
lithic grains (11-WS-05, 11-WS-20, and 12-WS-04) were collected
from the base of theWinthrop Formation, and plot with the Harts
Pass Formation samples within the basement uplift provenance
field (Fig. 3). Lithic grain abundance increases above the basal
Winthrop Formation, but not systematically up-section, and the
most lithic-rich sample from the middle of the Winthrop Forma-
tion (98KD16, Q10F34L57) plots within the transitional arc field, just
outside of the undissected arc field. The majority (83%) of lithic
grains in all samples is volcanic (Table 2), and up to seven meta-
morphic lithic grains were present in all but three samples.
Mudrock geochemistry: methods and results
Geochemical analysis can be particularly useful to detect conti-
nental influence on sediment, permit identification ofminormin-
erals not readily apparent in petrographic analysis, and better
characterize mafic components that may be underrepresented in
both sandstone and detrital zircon provenance analysis (e.g.,
McLennan et al. 1993; LaMaskin et al. 2008). Twenty-five samples
of mudrock were collected from the Harts Pass (18 samples) and
Winthrop formations (seven samples; Table 1). Care was taken to
collect relatively fresh samples without visible alteration. Sample
chips were sent to the GeoAnalytical Lab at Washington State
University, where they were ground to <30 m powder and
Table 1. Methow basin sample locations.
Sample
Location
(Fig. 1) Latitude Longitude
Goat Wall unit
11-MP-02 26 48°39.876= 120°27.056=
11-MP-04 27 48°38.279= 120°28.495=
Winthrop Formation
98KD09 2 48°33.952= 120°25.797=
98KD10 2 48°33.914= 120°25.220=
98KD12 3 48°33.634= 120°23.577=
98KD13 3 48°33.634= 120°23.577=
98KD14 3 48°33.634= 120°23.577=
98KD15 3 48°33.634= 120°23.577=
98KD16 3 48°33.634= 120°23.577=
98KD17 3 48°33.634= 120°23.577=
11-WS-01 7 48°37.853= 120°21.689=
11-WS-02 7 48°37.919= 120°21.667=
11-WS-04 8 48°38.282= 120°21.216=
11-WS-05 6 48°38.217= 120°19.433=
11-WS-06 9 48°39.061= 120°23.915=
11-WS-07 10 48°40.547= 120°26.905=
11-WS-08 1 48°34.962= 120°27.175=
11-WS-09 1 48°34.962= 120°27.175=
11-WS-10 1 48°34.962= 120°27.175=
11-WS-11 1 48°34.962= 120°27.175=
11-WS-12 1 48°34.962= 120°27.175=
11-WS-15 4 48°31.893= 120°16.786=
11-WS-16 5 48°35.548= 120°16.493=
11-WS-17 5 48°35.548= 120°16.493=
11-WS-18 5 48°35.548= 120°16.493=
11-WS-19 5 48°35.548= 120°16.493=
11-WS-20 5 48°35.548= 120°16.493=
12-WS-04 11 49°05.339= 120°41.253=
Harts Pass Formation
98KD04 12 48°41.865= 120°41.812=
98KD18 13 48°43.859= 120°40.431=
98KD19 13 48°43.859= 120°40.431=
98KD21 13 48°43.859= 120°40.431=
98KD25 14 48°43.870= 120°40.451=
11-HP-01 15 48°40.129= 120°18.238=
11-HP-02 16 48°42.087= 120°19.234=
11-HP-03 16 48°41.918= 120°19.191=
11-HP-04 16 48°41.940= 120°19.195=
11-HP-05 16 48°41.940= 120°19.195=
11-HP-06 17 48°36.983= 120°31.306=
11-HP-07 17 48°36.983= 120°31.306=
11-HP-08 18 48°38.460= 120°34.849=
11-HP-09 19 48°36.281= 120°16.015=
11-HP-10 20 48°43.732= 120°39.962=
11-HP-11 20 48°43.521= 120°39.794=
11-HP-12 20 48°43.521= 120°39.794=
11-HP-13 20 48°43.292= 120°40.125=
11-HP-14 20 48°43.292= 120°40.125=
11-HP-15 20 48°42.234= 120°38.743=
11-HP-16 21 48°42.234= 120°38.743=
Upper Jackass Mountain Group – Harts Pass Formation
12-JMG-B-06 22 49°09.962= 120°46.073=
12-JMG-B-07 22 49°09.944= 120°46.138=
12-JMG-B-08 22 49°09.917= 120°46.174=
12-JMG-B-09 22 49°09.885= 120°46.255=
12-JMG-B-10 22 49°09.844= 120°46.314=
12-JMG-B-11 22 49°09.800= 120°46.455=
12-JMG-B-12 22 49°09.800= 120°46.455=
12-JMG-B-13 23 49°09.212= 120°46.076=
12-JMG-04 24 49°00.628= 120°50.148=
12-JMG-05 24 49°00.628= 120°50.148=
12-JMG-06 24 49°00.626= 120°50.115=
12-JMG-07 24 49°00.623= 120°50.062=
Table 1 (concluded).
Sample
Location
(Fig. 1) Latitude Longitude
12-JMG-08 24 49°00.624= 120°50.025=
12-JMG-09 24 49°00.653= 120°49.955=
12-JMG-10 24 49°00.731= 120°49.911=
12-JMG-12 25 49°04.669= 120°54.505=
12-JMG-13 25 49°04.443= 120°54.659=
12-JMG-14 25 49°04.383= 120°54.678=
12-JMG-15 25 49°04.388= 120°54.741=
12-JMG-16 25 49°04.329= 120°54.776=
12-JMG-18 25 49°04.213= 120°54.478=
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analyzed for major- and trace-element concentrations by X-ray
fluorescence (XRF) and inductively coupled plasma –mass spectrom-
etry (ICP–MS), following the procedures of Knaack et al. (1994)
and Johnson et al. (1999).
Major-element geochemical results
Major elements are susceptible to mobility due to chemical
weathering and diagenesis, resulting in significant geochemical
changes (e.g., Nesbitt and Young 1982). The degree of weathering
Table 2. Recalculated modal point-count data for sandstone samples from the Methow basin.
Q–F–L (%) Qm–F–Lt (%) Qp–Lv–Lsm (%)
Sample No. Total Q F L Qm F Lt Qp Lv Lsm Matrix (%) Unidentified (%)
Winthrop Formation
11-WS-05 400 0.25 0.72 0.03 0.24 0.72 0.03 0.17 0.67 0.17 0.25 0.5
11-WS-20 400 0.29 0.68 0.03 0.29 0.68 0.03 0.00 0.55 0.45 1 1.25
11-WS-04 400 0.37 0.53 0.10 0.35 0.53 0.11 0.12 0.81 0.07 0.25 0.5
11-WS-02 400 0.38 0.49 0.13 0.36 0.49 0.16 0.14 0.83 0.03 0 0
11-WS-01 400 0.32 0.46 0.22 0.31 0.46 0.23 0.05 0.93 0.02 1 1
98KD12 400 0.22 0.56 0.22 0.21 0.56 0.23 0.01 0.99 0.00 2.75 1.25
98KD9 400 0.28 0.46 0.25 0.26 0.46 0.28 0.10 0.86 0.04 4.5 1.25
98KD15 400 0.20 0.51 0.29 0.20 0.51 0.29 0.01 0.98 0.01 1.25 1
98KD17 400 0.27 0.42 0.31 0.27 0.42 0.31 0.01 0.92 0.07 2.25 1.75
98KD13 400 0.22 0.42 0.36 0.21 0.42 0.37 0.03 0.87 0.10 2 1.5
98KD14 400 0.21 0.42 0.37 0.21 0.42 0.38 0.02 0.94 0.04 1.5 0.75
11-WS-06 400 0.19 0.42 0.39 0.18 0.42 0.40 0.02 0.92 0.06 0 0.5
11-WS-07 400 0.23 0.36 0.41 0.22 0.36 0.42 0.03 0.94 0.03 2.5 1
98KD10 400 0.22 0.29 0.49 0.20 0.29 0.51 0.04 0.89 0.07 1 2.5
11-WS-11 400 0.12 0.39 0.49 0.11 0.39 0.50 0.02 0.97 0.02 0.25 0.5
98KD16 400 0.10 0.34 0.57 0.09 0.34 0.57 0.01 0.97 0.02 0.5 1.5
12-WS-04 500 0.41 0.59 0.00 0.41 0.59 0.00 0.00 0.00 0.00 0 9.4
Harts Pass Formation
98KD18 500 0.25 0.74 0.02 0.25 0.74 0.02 0.00 0.75 0.25 1 6.4
98KD19 500 0.36 0.62 0.02 0.36 0.62 0.02 0.00 0.22 0.78 0 7
98KD21 500 0.38 0.60 0.02 0.37 0.60 0.03 0.43 0.43 0.14 0 7.4
98KD25 500 0.31 0.68 0.01 0.31 0.68 0.01 0.25 0.75 0.00 0 8.2
98KD4 500 0.31 0.67 0.03 0.29 0.67 0.04 0.32 0.53 0.16 0 8
11-HP-05 500 0.25 0.73 0.02 0.25 0.73 0.02 0.00 0.38 0.63 0 7.8
11-HP-08 500 0.36 0.63 0.01 0.35 0.63 0.02 0.56 0.44 0.00 0.6 10.8
11-HP-14 500 0.31 0.69 0.00 0.31 0.69 0.00 1.00 0.00 0.00 0 10.4
12-JMG-B-06 500 0.36 0.64 0.00 0.36 0.64 0.00 1.00 0.00 0.00 0 4.8
12-JMG-B-07 500 0.37 0.63 0.00 0.36 0.63 0.01 1.00 0.00 0.00 0 5.2
12-JMG-B-08 500 0.35 0.65 0.00 0.31 0.65 0.04 1.00 0.00 0.00 0 5.4
12-JMG-B-09 500 0.37 0.63 0.00 0.36 0.63 0.00 1.00 0.00 0.00 0 8.2
12-JMG-B-10 500 0.40 0.60 0.00 0.40 0.60 0.00 0.50 0.00 0.50 0 4
12-JMG-B-13 500 0.38 0.60 0.02 0.36 0.60 0.04 0.53 0.06 0.41 0 3.4
Note: Q, total quartz; F, total feldspar; L, lithic grains, excluding polycrystalline quartz; Qm, monocrystalline quartz; Lt, total lithic grains; Qp, polycrystalline
quartz; Lv, volcanic lithic grains; Lsm, sedimentary and metamorphic lithic grains.
Fig. 3. Ternary diagrams illustrating sandstone detrital modes. Tectonic provenance fields from Dickinson et al. (1983). Q, total quartz;
Qm, monocrystalline quartz; F, total feldspar; L, lithic grains, excluding polycrystalline quartz; Lt, total lithic grains.
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can be estimated using the chemical index of alteration (CIA;
Nesbitt and Young 1982). The CIA is a ratio of themole proportions
of Al2O3 over the sum of Al2O3, K2O, Na2O, and CaO*, where CaO*
is calculated by correcting for apatite using values of P2O5, follow-
ing the method of McLennan et al. (1993). The ratio is multiplied
by 100, such that fresh igneous and metamorphic rocks have CIA
values of about 50, shale rocks have CIA values of 70–75, and pure
aluminosilicate weathering products, such as kaolinite, have a
CIA value of 100 (Taylor and McLennan 1985; McLennan et al.
1993). CIA values for all Methow mudrock samples average 71 ± 4,
typical of shales, and range from 63 to 84 (Table 3).
The index of compositional variability (ICV) is the ratio of the
mole proportions of the sumof CaO, K2O, Na2O, Fe2O3,MgO,MnO,
and TiO2 over Al2O3, and provides a measure of the variability of
the source rock types (Cox et al. 1995; Potter et al. 2005). Because
minerals most susceptible to weathering tend to have high ICV
values, the ICV can be applied to mudrocks as a measure of their
chemicalmaturity (Cox et al. 1995). Chemically immaturemudrocks
have high ICV values and typically contain abundant silicate non-
clay minerals and (or) abundant montmorillinite or sericite clays,
and chemically mature mudrocks with low ICV values typically
lack nonclay silicate minerals (Cox et al. 1995). ICV values for all
Methow mudrock samples average 0.96 ± 0.12, and fall within a
narrow range from 0.70 to 1.33 (Table 3). A plot of CIA versus ICV
can help illustrate the variability of source rock type and the
extent of weathering (Fig. 4A; Cox et al. 1995; Potter et al. 2005;
LaMaskin et al. 2008). Almost all Methow mudrock samples plot
along or between the weathering trends of andesite and basalt
(Fig. 4A), suggesting similar weathering extent and low composi-
tional variability throughout the east-derived Methow mudrocks.
Trace-element geochemical results
Trace elements (large-ion lithophile elements (LILEs), high-field-
strength elements (HFSEs), and rare-earth elements (REEs)) gener-
ally have low post-depositional mobility and are strongly excluded
from seawater, making them extremely useful provenance indica-
tors (McLennan et al. 1993). La and Th are both incompatible ele-
ments that tend to be enriched in continental sources, and Sc is a
compatible element enriched in mafic sources. Thus La/Sc and
Th/Sc ratios both increase with increasing crustal differentiation,
andare gooddiscriminators of juvenile andevolved crust (McLennan
et al. 1990, 2003). Methow samples fall within the magmatic arc
field on a La–Th–Sc ternary diagram, with most samples plotting
relatively close to arc andesite values along amixing line between
amore juvenile, MORB-like composition (Sc-enriched) and amore
evolved source component (La- and Th-enriched; Fig. 4B). TheWin-
throp Formation displays more variability, with three Winthrop
samples plotting with several Harts Pass Formation samples be-
tween island-arc andesite and normal mid-ocean ridge basalt
(N-MORB) compositions, and two Winthrop samples plotting closer
to the North American shale composite (NASC) and upper continen-
tal crust (UCC) than any other Methow samples (Fig. 4B).
A high correlation coefficient between Cr and Ni results, ulti-
mately, from their derivation from ultramafic rocks (Garver and
Royce 1993). Where Cr and Ni concentrations are anomalously
high, a Cr/Ni ratio between 1.2 and 1.6 suggests an ultramafic
source (Garver and Royce 1993; Garver et al. 1994). Ni and
Cr abundances remain <80 ppm for all but threeMethow samples;
the three samples with slightly elevated Ni and Cr concentrations
(up to 142 ppm Cr and 78 ppmNi) come from both formations and
are not elevated enough to require ultramafic derivation (Table 3).
In fact, all Methow samples plot near the V pole on a V–Ni–(Th × 10)
ternary diagram, indicating mafic source composition with little
ultramafic input (Fig. 4C).
Th/Ta fractionation during subduction zone processes permits
distinction between oceanic and continental sources (LaMaskin
et al. 2008, after Pearce 1983). A plot of Th/Yb versus Ta/Yb can be
used to assess the extent of Th/Ta fractionation, with samples
plotting above the MORB array as a result of subduction enrich-
ment of clastic sources (LaMaskin et al. 2008). Methow samples
plot within the continental and fringing arc field, with Winthrop
Formation samples showing greater variability than Harts Pass
samples (Fig. 4D).
Chondrite-normalized rare-earth element (REE) patterns for the
Methow samples indicate moderate light rare-earth element
(LREE) enrichment and variable, slightly negative Eu anomalies
(Fig. 4E). Eu/Eu* values range from 0.71 to 0.99 for the Winthrop
Formation, with five of the seven samples showing negligible Eu
anomalies (Eu/Eu* values between 0.94 and 0.99; Table 3). Eu/Eu*
values range from 0.74 to 1.0 for the Harts Pass Formation, with
most Harts Pass samples showing negative Eu anomalies (Eu/Eu*
values between 0.80 and 0.95; Table 3). LaN/YbN represents the
La/Yb ratio normalized to chondrite values of Taylor and McLennan
(1985), and is a proxy for LREE enrichment, with high ratios of
LaN/YbN typical of continental crustal input (Plank and Langmuir
1998; Bracciali et al. 2007; LaMaskin et al. 2008). LaN/YbN values
range from 3.56 to 7.95 for theWinthrop Formation and from 2.92
to 6.51 for the Harts Pass Formation, with most samples showing
moderate enrichment (Table 3).
Detrital zircon U–Pb analysis: methods and results
Detrital zircon was separated following standard separation
procedures (e.g., DeGraaff-Surpless et al. 2002), and grains were
analyzed using the Nu Plasma high-resolution (HR) multicollector
(MC)–ICP–MS instrument at the Arizona LaserChron Center at the
University of Arizona. Ages for grains younger than 1000 Ma are
based on their 206Pb/238U, while the grains older than 1000 Ma are
based on 207Pb/206Pb (Gehrels et al. 2006, 2008). Data were filtered
using the methods of DeGraaff-Surpless et al. (2003). 206Pb/238U
ages with >10% uncertainty (1) are not considered further (Gehrels
et al. 2006, 2008). These filtered data were plotted using Isoplot 3
(Ludwig 2008).
We determined U–Pb ages for 31 new detrital zircon samples
from the Harts Pass Formation (19 samples), Winthrop Formation
(10 samples), and Goat Wall unit (two samples). Samples were
collected from Manning Provincial Park in southern British Co-
lumbia (northern section; 11 samples) and the Pasayten Wilder-
ness Area and nearby regions in northern Washington State
(southern section; 20 samples; Table 1). Of the 2807 grains ana-
lyzed from the Methow basin, 2780 (99%) are Mesozoic, 10 are
Paleozoic (0.4%), and 17 are Precambrian (0.6%; Table S12). The
Mesozoic grains are largely Jurassic (1517 grains; 54% of all grains)
and Early Cretaceous (1205 grains; 43%), with only 58 (2%) Triassic
grains. Probability density curves for individual samples are ar-
ranged stratigraphically within the northern and southern sec-
tions, with the oldest sample at the bottom (Fig. 5). Although both
the Harts Pass and Winthrop formations include Jurassic and
Early Cretaceous detrital zircon age peaks through time in the
basin, the relative abundance of these ages within these two for-
mations varies considerably within the basin. Most notably, the
northern section received largely Cretaceous grains (76%) and
only 19% Jurassic grains, and the southern section received largely
Jurassic grains (76%), with only 22% Cretaceous grains (Fig. 5). The
two Goat Wall unit samples collected in the southern section
record a Mesozoic age distribution similar to the underlying east-
derived strata as a whole, with 59% Jurassic, 39% Cretaceous, and
2% Triassic grains (Fig. 5).
Because the samples from the Harts Pass and Winthrop forma-
tions within the northern and the southern sections have similar
2Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjes-2013-0144.
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Table 3. Methow basin mudrock geochemical data.
XRF data: normalized major elements (wt.%) XRF data: unnormalized trace elements (ppm)
Sample No. SiO2 TiO2 Al2O3 FeO* MnO MgO CaO Na2O K2O P2O5 Total LOI (%) CIA ICV Ni Cr V
11-WS-09 61.78 0.635 19.15 5.01 0.099 2.79 4.45 3.48 2.42 0.191 100 5.12 65 0.99 42 74 108
11-WS-10 56.97 0.743 18.40 11.18 0.171 5.04 2.84 2.81 1.75 0.097 100 7.75 72 1.33 85 111 153
11-WS-12 61.32 0.612 18.49 4.62 0.112 3.78 5.82 3.77 1.28 0.198 100 3.56 63 1.08 36 71 109
11-WS-16 60.72 0.741 21.38 5.30 0.094 2.14 3.33 2.67 3.60 0.018 100 5.21 69 0.84 18 30 126
11-WS-17 57.04 0.836 21.95 8.47 0.126 3.11 2.91 2.23 3.23 0.098 100 8.00 73 0.95 25 45 169
11-WS-18 57.92 0.784 20.83 8.37 0.125 2.93 3.41 2.65 2.83 0.147 100 7.10 70 1.01 26 50 160
11-WS-19 63.25 0.670 18.93 6.36 0.101 2.23 2.61 3.28 2.44 0.145 100 4.76 70 0.93 17 37 121
12JMG-B-11 62.14 0.776 19.58 6.11 0.102 3.00 2.17 3.20 2.57 0.330 100 4.83 72 0.92 28 65 169
12JMG-B-12 61.02 0.893 18.65 7.41 0.138 3.51 1.98 3.63 2.34 0.413 100 4.51 71 1.07 20 33 163
12JMG-04 60.53 0.866 19.63 6.53 0.122 2.89 2.86 3.36 3.03 0.188 100 1.41 68 1.00 25 49 198
12JMG-07 60.26 0.889 19.67 7.16 0.124 3.68 2.47 2.98 2.59 0.189 100 3.24 71 1.01 57 91 196
12JMG-10 58.47 1.009 21.80 6.26 0.089 2.87 2.47 3.30 3.58 0.131 100 5.21 70 0.90 21 66 164
12JMG-12 62.65 0.821 18.72 6.70 0.135 3.12 1.82 4.18 1.66 0.194 100 3.99 71 0.98 21 39 173
12JMG-13 63.07 0.712 17.55 6.77 0.131 3.07 3.33 4.01 1.19 0.174 100 3.71 68 1.09 22 40 152
12JMG-14 63.08 0.784 18.00 7.27 0.126 3.09 2.28 3.62 1.55 0.184 100 4.25 71 1.04 22 44 166
12JMG-15 62.17 0.893 20.02 6.54 0.100 3.06 1.16 3.61 2.27 0.172 100 4.45 74 0.88 24 52 181
12JMG-16 60.55 0.944 19.85 6.94 0.110 3.17 2.73 3.21 2.28 0.198 100 4.61 71 0.98 23 53 198
12JMG-18 62.09 0.788 18.34 6.75 0.128 3.19 2.82 4.07 1.62 0.188 100 3.91 69 1.06 23 43 166
11-HP-10 65.74 1.075 18.15 8.44 0.090 2.81 0.46 1.62 1.49 0.132 100 4.96 84 0.88 78 142 199
11-HP-11 60.09 0.831 23.38 6.18 0.100 2.77 0.55 1.35 4.63 0.110 100 6.01 78 0.70 20 37 140
11-HP-13 60.74 0.883 20.08 6.20 0.107 2.86 2.74 3.31 2.85 0.235 100 3.70 70 0.94 35 59 174
11-HP-02 59.14 0.785 21.28 6.22 0.124 2.69 2.81 3.09 3.67 0.212 100 4.84 69 0.91 19 28 122
11-HP-04 59.15 0.921 23.09 6.69 0.086 2.66 1.12 2.44 3.59 0.255 100 6.87 77 0.76 24 46 177
11-HP-06 60.80 0.878 20.18 6.43 0.146 3.14 2.84 3.59 1.68 0.323 100 4.51 72 0.93 24 46 149
11-HP-15 62.93 0.777 19.64 5.81 0.104 2.57 1.82 3.39 2.68 0.272 100 3.68 72 0.87 25 55 174
ICP–MS data: unnormalized trace elements (ppm)
Sample No. La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Ba Th Nb Y Hf Ta U Pb Rb Cs Sr Sc Zr
Eu/
Eu*
LaN/
YbN
11-WS-09 16.20 33.03 4.22 16.79 3.57 1.05 3.03 0.46 2.74 0.54 1.48 0.21 1.38 0.22 1231 4.07 6.59 14.23 2.89 0.44 2.61 10.35 53.6 1.03 755 12.1 102 3.26 7.95
11-WS-10 28.07 54.57 7.07 28.02 5.92 1.43 5.27 0.82 4.90 0.95 2.66 0.39 2.48 0.39 701 5.90 9.18 25.59 4.46 0.63 2.54 8.64 47.4 2.98 425 14.6 166 4.00 7.64
11-WS-12 11.74 24.88 3.22 13.20 2.94 0.88 2.52 0.38 2.28 0.47 1.23 0.19 1.15 0.19 860 3.23 5.92 11.72 2.59 0.40 1.71 8.93 23.0 0.59 870 11.5 97 3.00 6.9
11-WS-16 17.72 36.88 4.71 19.23 4.55 0.97 3.89 0.65 4.07 0.79 2.21 0.33 2.17 0.35 1042 5.16 8.86 21.07 4.80 1.06 2.56 11.07 108.0 7.52 401 17.3 177 3.23 5.53
11-WS-17 12.32 22.92 3.45 14.80 3.75 1.21 3.97 0.68 4.28 0.88 2.44 0.37 2.33 0.38 677 1.97 3.15 23.38 2.79 0.20 1.76 8.62 101.0 6.37 276 24.5 93 7.89 3.57
11-WS-18 11.93 24.60 3.40 14.60 3.73 1.17 3.87 0.63 3.94 0.81 2.26 0.34 2.15 0.35 837 2.31 4.51 21.94 2.72 0.29 1.87 8.50 81.4 5.87 364 20.7 93 6.26 3.74
11-WS-19 11.27 18.90 3.08 13.15 3.20 1.03 3.25 0.53 3.32 0.69 1.92 0.29 1.87 0.31 815 2.48 4.74 18.71 3.04 0.32 1.86 10.08 63.9 2.88 369 17.3 102 4.93 4.08
12JMG-B-11 10.53 12.96 2.51 10.59 2.42 0.74 2.36 0.38 2.34 0.48 1.35 0.21 1.47 0.25 970 3.53 6.64 13.41 3.12 0.44 2.15 10.16 72.4 4.09 485 17.9 106 2.95 4.84
12JMG-B-12 16.89 35.08 4.60 19.03 4.44 1.13 4.25 0.69 4.23 0.84 2.34 0.34 2.22 0.35 517 3.98 8.81 22.94 2.90 0.57 1.98 10.10 65.8 3.49 353 15.9 96 4.54 5.15
12JMG-04 11.51 25.28 3.55 15.63 4.03 1.22 4.24 0.73 4.55 0.97 2.72 0.41 2.67 0.43 995 2.46 4.34 24.73 2.90 0.30 1.35 8.50 65.3 2.86 467 24.3 99 6.97 2.92
12JMG-07 14.32 29.73 4.13 17.56 4.37 1.41 4.51 0.75 4.73 0.97 2.72 0.41 2.62 0.42 731 3.24 5.14 24.96 3.09 0.35 1.76 10.40 64.9 4.24 415 23.6 109 6.26 3.69
12JMG-10 16.96 35.31 4.61 19.33 4.53 1.26 4.31 0.70 4.41 0.93 2.63 0.40 2.64 0.43 1290 4.29 6.85 24.55 3.60 0.46 2.06 11.45 82.9 2.88 397 23.7 125 4.95 4.33
12JMG-12 10.86 24.27 3.24 14.01 3.51 1.12 3.63 0.63 3.94 0.82 2.32 0.34 2.19 0.36 444 2.50 3.58 20.69 2.91 0.25 1.23 7.20 38.6 1.87 459 22.0 100 6.42 3.36
12JMG-13 11.10 23.35 3.14 13.47 3.33 0.99 3.34 0.55 3.47 0.71 1.98 0.29 1.88 0.30 421 2.39 3.67 18.41 2.68 0.26 1.18 9.03 27.5 1.61 300 18.9 92 5.88 3.99
12JMG-14 11.89 23.37 3.45 15.23 3.96 1.28 4.19 0.71 4.37 0.92 2.47 0.36 2.21 0.35 505 2.10 3.26 24.25 2.62 0.22 1.01 9.62 34.2 2.46 384 21.0 89 8.30 3.63
12JMG-15 12.14 27.24 3.42 14.39 3.39 0.97 3.10 0.54 3.34 0.70 2.04 0.32 2.09 0.34 612 2.75 4.07 16.82 3.13 0.28 1.30 6.92 48.6 3.66 363 23.3 107 4.72 3.92
12JMG-16 12.41 26.67 3.70 16.43 4.24 1.29 4.36 0.74 4.66 0.96 2.69 0.41 2.55 0.41 701 2.66 3.90 24.21 3.04 0.26 1.29 5.96 48.3 3.01 330 26.1 103 7.03 3.28
12JMG-18 11.35 24.04 3.25 13.95 3.45 1.07 3.54 0.60 3.75 0.77 2.13 0.32 1.99 0.33 509 2.51 3.65 19.25 2.61 0.25 1.27 7.44 37.1 2.20 354 20.2 88 6.24 3.85
11-HP-10 13.27 29.02 3.91 16.65 4.15 1.15 4.38 0.77 4.84 1.03 2.92 0.42 2.70 0.43 565 2.85 6.84 25.15 3.32 0.46 1.46 7.49 41.7 4.14 149 26.7 119 5.28 3.32
11-HP-11 13.77 27.59 3.77 16.15 4.01 0.97 4.02 0.63 3.80 0.76 2.10 0.32 2.00 0.33 1461 2.86 5.76 20.23 2.39 0.38 2.19 6.38 93.8 10.15 120 18.8 77 5.45 4.65
11-HP-13 17.44 37.65 4.85 20.36 4.87 1.41 4.91 0.80 4.90 1.00 2.79 0.41 2.65 0.45 920 3.75 7.06 26.66 4.35 0.49 2.21 7.27 78.1 8.61 415 20.5 147 4.81 4.45
11-HP-02 14.07 27.99 3.92 16.06 3.70 1.08 3.55 0.57 3.39 0.69 1.94 0.29 1.85 0.30 1237 3.00 8.15 19.40 2.59 0.52 2.20 11.21 100.8 5.94 482 14.2 85 4.22 5.14
11-HP-04 18.77 32.59 4.69 19.04 4.18 1.29 3.76 0.60 3.52 0.74 2.02 0.30 1.95 0.33 1056 3.63 7.60 20.33 3.30 0.47 2.15 14.07 90.6 2.89 263 18.6 116 4.06 6.51
11-HP-06 18.31 37.91 4.87 19.91 4.61 1.29 4.55 0.78 4.83 1.01 2.83 0.44 2.86 0.47 748 5.04 9.60 25.05 3.64 0.85 3.21 9.03 38.4 1.47 359 20.5 122 4.24 4.33
11-HP-15 14.29 32.56 3.97 16.74 4.14 1.15 4.12 0.70 4.36 0.88 2.49 0.38 2.48 0.42 828 3.52 6.93 23.55 3.33 0.46 2.04 8.96 72.3 6.35 388 18.9 113 4.90 3.89
Note: FeO* is total iron reported as FeO. LOI, loss on ignition. Eu/Eu* = EuN/(SmN + GdN)0.5 where N is concentration in ppm normalized by chondrite values of Taylor and McLennan (1985).
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Fig. 4. (A) Plot of the chemical index of alteration (CIA) versus index of chemical variability (ICV), after Potter et al. (2005). ICV values for
andesite from Ewart (1982), and for basalt and granite from Li (2000). (B) Ternary plot of La–Th–Sc, after McLennan et al. (1990). The magmatic
arc-related and passive continental margin fields (after Girty et al. 1993) are derived from samples listed in McLennan et al. (1990). N-MORB,
normal mid-ocean ridge basalt; NASC, North American shale composite; UCC, upper continental crust; values from Taylor and McLennan
(1985) and McLennan et al. (2003). (C) Ternary plot of V–Ni–(Th × 10) after Bracciali et al. (2007). (D) Th/Yb versus Ta/Yb diagram after Pearce
(1983). Th/Ta fractionation occurs during subduction zone processes; the degree of subduction enrichment of clastic sources increases with
positive slope (LaMaskin et al. 2008). Source region values are from Taylor and McLennan (1985) and McLennan et al. (2003). (E) Chondrite-
normalized REE diagram for all Methow mudrocks (normalization values of Taylor and McLennan 1985).
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Fig. 5. Histograms and superimposed probability density plots of detrital zircon age data for Mesozoic grains in the Harts Pass Formation,
Winthrop Formation, and Goat Wall unit from northern (E.C. Manning Provincial Park) and southern (Pasayten Wilderness and adjacent
regions) portions of the Methow basin. Samples are arranged in stratigraphic order, with the oldest at the bottom. Depositional age range is
indicated by light grey bar. n, number of samples.
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Mesozoic age peaks, we plot all grains from each section together
(excluding the overlying GoatWall unit samples) to generate com-
posite probability density curves that characterize the age popu-
lations of the northern and southern samples (Fig. 6). In both the
northern and southern sections of the Harts Pass and Winthrop
formations, Cretaceous grains form one peak at 115–116 Ma, in-
cluding a range of ages from 100 to 125 Ma, and a Jurassic peak at
161 Ma that includes 140–180 Ma grains (Fig. 6). Moreover, both
sections include relatively few grains between 125–140Ma (85 grains;
3% of all grains) and 200–252 Ma (55 grains; 2% of all grains).
Combining all 27 pre-Mesozoic grains from all samples into one
probability density curve reveals small peaks at 278, 512, 540, 700,
1035, and 1190 Ma (Fig. 7).
Detrital zircon Hf analysis: methods and results
Hafnium isotope ratios from detrital zircon grains provide an-
other source fingerprint. In addition to the radioactive decay of
176Lu to stable 176Hf, fractionation during partial melting of the
mantle leads to Hf-enriched partial melt and residual mantle de-
pleted in Hf and enriched in Lu (Amelin et al. 1999; Kinny and
Maas 2003). Because zircon crystals easily incorporate Hf but not
Lu, without additional 176Lu to decay to 176Hf, the ratio of 176Hf to
the stable isotope 177Hf in the zircon essentially stays constant
after formation of the zircon crystal. In contrast, the enrichment
of 176Lu in the residual mantle due to fractionation during partial
melting means that the mantle’s 176Hf/177Hf ratio increases with
time asmore 176Lu decays to 176Hf (e.g., Kinny andMaas 2003). The
geochemical signature of the zircon crystal is described in terms
of epsilon () units, where more positive Hf values indicate juve-
nile sources extracted from the mantle more recently and there-
fore record higher 176Hf/177Hf, and negative Hf values indicate
evolved sources that were originally extracted from the mantle
prior to significant fractionation, and therefore record lower
176Hf/177Hf.
Hf isotopic data weremeasured by the Nu Plasma HRMC–ICP–MS
instrument at the Arizona LaserChron Center at the University of
Arizona using a 40 m spot placed over the same area ablated for
U–Pb age data for selected Jurassic and Early Cretaceous zircon
grains from the Harts Pass and Winthrop Formation samples. All
of the zircon grains exhibit positive Hf values within the range of
+1.1 to +15.1 (Fig. 8; Table S22). The Early Cretaceous grains (105–
121 Ma) have a mean Hf value of +10.0 ± 1.5 (number of samples
(n) = 366). Two outliers in this Cretaceous age range have an Hf value
of +3.3 and +4.7, but most of the grains in this population are
tightly grouped between +7 to +13 (Fig. 8). The Late Jurassic to
Early Cretaceous grains (130–150 Ma) have a mean Hf value of
+9.0 ± 2.8 (n = 97), and include the widest range of Hf values, from
+1.1 to +15.1 (Fig. 8). The Middle to Late Jurassic grains (152–174 Ma)
Fig. 6. Composite histograms and superimposed probability density plots of detrital zircon age data for Mesozoic Harts Pass and Winthrop
Formation grains in the northern and southern portions of the Methow basin.
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have a mean Hf value of +8.4 ± 1.9 (n = 346), and range from +3.8
to +13.9, with most grains between +5 and +11 (Fig. 8).
Discussion
Depositional age and sedimentation rates of the
east-derived Methow basin strata
Ammonite fragments collected from the upper Harts Pass For-
mation near Harts Pass were originally identified as Albian, but
additional species discovered at the same locality were identified
as Aptian to Albian, and the upper Harts Pass Formation was
considered upper Aptian by Barksdale (1975). However, middle
Albian ammonite fauna from other localities within the Harts
Pass Formation and Albian fossils from shallow-water deposits at
Dead Lake, stratigraphically below the Harts Pass Formation, led
Haugerud et al. (1996) to consider the Harts Pass Formation mid-
dle Albian. An Albian depositional age is consistent with our
youngest detrital zircon ages in the basal Harts Pass Formation
samples in the southern section (11-HP-01 and 11-HP-03) that yield
weighted mean ages of 112 ± 4 and 112 ± 2 Ma, respectively. Like-
wise, the youngest clusters of five grains in the lowest two Harts
Pass-correlative samples collected from the northern section (12-
JMG-05 and 12-JMG-06) yield weighted mean ages of 109 ± 4 and
108 ± 3 Ma, respectively. These detrital zircon results are also
consistent with young detrital zircon fission track peak ages that
limit the maximum depositional age of the Harts Pass-correlative
upper Jackass Mountain Group strata in Manning Park to late
Albian (105–97 Ma; Garver and Brandon 1994). Taken together,
these results suggest a middle (109–105.3 Ma; Albian substages
from Fiet et al. 2001) to late Albian age (105.3–99.6 Ma; Fiet et al.
2001) of deposition for the Harts Pass Formation.
Haugerud et al. (1996) considered theWinthrop Formation Cen-
omanian to Turonian(?) based on its interfingering relationship
with the Cenomanian–Turonian(?) Virginian Ridge Formation, a
97.5 +2/–3 Ma sill that intrudes the Winthrop Formation, and
crosscutting 88–90 Ma stocks. However, Miller et al. (2006) as-
signed a middle to late Albian age to the Winthrop Formation,
based on a megafloral assemblage characterized by species that
require an age no younger than late Albian. The youngest three
detrital zircon grains within each of the two basal Winthrop For-
mation samples yield weighted mean ages of 107.2 ± 7.4 Ma
(11-WS-15 in the southern Methow) and 109.8 ± 4.3 Ma (12-WS-04 in
Manning Park), consistent with middle Albian or younger deposi-
tion. Enkin et al. (2002) reported detrital zircon as young as 94.3 ±
4.2 Ma from the upperWinthrop Formation, suggesting Turonian
or younger deposition. Together, these biostratigraphic and U–Pb
age results suggest late Albian through Turonian deposition of the
Winthrop Formation.
These depositional age constraints for Harts Pass Formation
permit up to 10 million years (109–99.6 Ma) for deposition, and
only 4 million years if Harts Pass deposition was limited to the
middle Albian only (109–105.3 Ma). Deposition of up to 3200 m of
the Harts Pass Formation within these time constraints requires
rapid sedimentation rates ranging from 0.3 mm/year to as high as
0.8 mm/year. Winthrop Formation sedimentation rates may have
averaged as high as 0.26 mm/year (up to 4000 m deposited over
15 million years), but more specific estimates of sedimentation
rates are difficult to determine, given the variability in the thick-
ness of the Winthrop Formation (300–4000 m).
Characterizing the source of the east-derived Methow basin
strata
Consistently west-directed paleocurrent indicators suggest that
theMethow source regionwas located east of the basin; the source
area could have extended northeast and (or) southeast of the ba-
sin, with sediment then transported into the basin from the east.
Petrographic analysis of the Harts Pass and Winthrop Forma-
tion sandstone reveals poor sorting, low matrix content, and an-
gular clasts, suggesting proximal, first-cycle sediment. The Harts
Pass Formation contains very few volcanic lithic grains and abun-
dant monocrystalline quartz and feldspar, suggesting a plutonic
source. TheWinthrop Formation hasmore variable volcanic lithic
content, which ranges from 0% to 57% of the sample, with the
lowest lithic content at the base of the Winthrop Formation. This
increase in volcanic lithic grains suggests an Early Cretaceous
pulse of volcanic activity adjacent to the basin, whichmay presage
Late Cretaceous volcanic activity within the Methow basin, as
recorded by the overlying Goat Wall unit. Metamorphic and sed-
imentary lithic grains are rare in both the Harts Pass and Win-
throp formations, comprising up to 3% of a single sample and
typically less than 1%.
Becausemudrocks are deposits of themost weathered andwell-
mixed source material, they tend to record the mafic provenance
record that is not well represented in sandstone petrography or
detrital zircon analysis. Mudrock geochemistry reveals that the
source region for the east-derived Methow strata was geochemi-
cally juvenile, with compositions typical of island-arc andesite
and basalt. REE distributions show moderate LREE enrichment
and variable, slightly negative Eu anomalies, typical of young,
undifferentiatedmagmatic arcs involving little or no involvement
of continental crust (Gromet and Silver 1987; McLennan et al.
1993). The Harts Pass Formation shows less variability than the
Winthrop Formation, and neither formation contains evidence of
either significant ultramafic input or continental crust enrich-
ment (Fig. 4).
The U–Pb ages of detrital zircon from the Harts Pass and Win-
throp formations and the Goat Wall unit record a Mesozoic age
signature dominated by Middle to Late Jurassic and Early to mid-
dle Cretaceous zircon grains. Felsic plutonic sources are most
likely to provide the majority of detrital zircon grains found in
these Methow samples. Zircon requires significant available silica
and oxygen to form, and tends to crystallize late in the crystalli-
zation process because zirconium is incompatible in common
silicate minerals. Cathodoluminescence (CL) images of the Methow
zircon grains show oscillatory zoning that would be expected for a
zircon from a plutonic source (Hoskin and Schaltegger 2003), and
they lack inherited cores visible in CL or evident in the age data,
that might be expected from metamorphic sources or more com-
plex plutonic sources. Moreover, Methow zircon grains retain a
euhedral shape and are typically larger than 100 m, unlike
smaller, thinner zircon lacking concentric zoning that are more
typical of volcanic sources (Hoskin and Schaltegger 2003). Methow
zircon grains apparently have not been recycled from sedimen-
tary or metasedimentary rocks and undergone processes which
would have abraded and rounded them. The Mesozoic age signa-
ture also suggests that there was not time to recycle these grains
prior to deposition in the Methow basin.
The dominantly Mesozoic age signature in the detrital zircon
U–Pb record of the Harts Pass and Winthrop formations and the
Goat Wall unit indicates that the plutonic source for these rocks
was active from about 170 to 145 Ma and again from 125 to 105 Ma,
with little magmatic activity between 145 and 125 Ma (Fig. 6).
Significantly, the northern Harts Pass and Winthrop samples re-
cord a dominantly Cretaceous source signature, while the southern
Harts Pass and Winthrop samples record a dominantly Jurassic
source signature (Fig. 6). These spatial differences may record sim-
ilar spatial relationships between Jurassic and Cretaceous plutons
exposed within the source area. A few Triassic grains suggest ear-
lier Mesozoic magmatic activity, but these grains do not form a
robust peak. Most Paleozoic and Precambrian zircon grains occur
in only a few samples, and comprise only 1% of the total grains
analyzed, suggesting that the primarily Middle to Late Jurassic
and Early Cretaceous magmatic arc immediately east of the
Methow basin acted as a topographic barrier to sediment trans-
port from sources further east.
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Detrital zircon Hf values from Jurassic and Cretaceous grains
throughout the Harts Pass and Winthrop formations record a
juvenile geochemical signature that becomes increasingly posi-
tive with time, from an average of +8.4 for Middle to Late Jurassic
grains to +10 for Early Cretaceous grains (Fig. 8). This universally
juvenile geochemical signature indicates that the Jurassic and
Cretaceous magmatic source of detrital zircon intruded west of
the Precambrian craton and did not experience significant inter-
action with more evolved, continental rocks. These results are
consistent with our mudrock geochemical results and with an
earlier neodymium study of Methow strata that suggested a prim-
itive sediment source (Barfod and Nelson 1992).
Taken together, the provenance data presented here describe a
proximal, largely dissected, geochemically juvenile, Jurassic and
Early Cretaceous magmatic arc source that formed a topographic
upland east of the Methow basin from middle Albian through at
least Turonian(?) time.
Provenance of east-derived Methow strata
The southern Canadian Cordillera can be broadly divided into
the plutonic rocks associated with the Intermontane terranes
(Stikine and Quesnel terranes), the Coast Mountains batholith,
and the Okanogan Range and Omineca Crystalline belt in present-
day southeastern British Columbia and Washington State (Fig. 1;
Petö 1974; Armstrong 1988; Hurlow and Nelson 1993; Erdmer et al.
2001; Gehrels et al. 2009). Magmatism has been active in the re-
gion since the Proterozoic, but the largest magmatic fluxes oc-
curred during the Middle Jurassic through the Late Cretaceous
(Petö 1974; Armstrong 1988; Gehrels et al. 2009).
Gehrels et al. (2009) compiled age dates from 313 zircon and
59 titanite grains and found that magmatic activity in the Coast
Mountains batholith occurred in four main belts of distinct ages:
160–140, 120–100, 100–80, and 60–48 Ma. Gehrels et al. (2009)
presented a schematic model for the tectonic evolution of the
southern Coast Mountains batholith, in which at least 800 km of
sinistral (southward) motion following the mid-Jurassic juxtapo-
sition of the Insular superterrane against the Stikine and Yukon–
Tanana terranes (McClelland et al. 1992) means that the present-day
western part of the southern Coast Mountains batholith repre-
sents the northern continuation of the present-day eastern por-
tion of the batholith. The Gehrels et al. (2009) schematic model
considers plutonic rocks intruded into the western Intermontane
superterrane, including the Quesnel terrane in the southern Brit-
ish Columbia, to be part of the eastern belt of magmatism associ-
ated with the Coast Mountains batholith.
The Coast Mountains batholith experienced a magmatic lull
from 140 to 120 Ma, followed by another magmatic flux event
beginning at 120 Ma, with these younger plutons intruding imme-
diately east of the older magmatic belt, and migrating eastward
through Late Cretaceous time (Gehrels et al. 2009). Cecil et al.
(2011) found that Hf values for the Coast Mountains batholith
were most strongly controlled by which terrane a given pluton
intruded. Plutons intruded into the Alexander terrane (Insular
superterrane; western belt) yield zircon Hf values between +6 and
+8, plutons intruded into the Stikine terrane (Intermontane su-
perterrane; eastern belt) yielded zircon Hf between +10 and +15,
and plutons intruded into a belt of mid-Cretaceous thrust faults
between the eastern and western belts yielded the widest range of
Hf values, from +1.5 to +11.6 (Cecil et al. 2011).
The Eagle Plutonic complex east of the Pasayten fault in south-
ern British Columbia intruded the Quesnel terrane of the western
Intermontane superterrane and would be considered part of the
eastern belt of the Coast Mountains batholith, as broadly defined
by Gehrels et al. (2009). The Eagle Plutonic complex includes Mid-
dle to Late Jurassic tonalite and gneiss (157–148 Ma) that are cross-
cut by the 111 Ma Fallslake Plutonic suite (Grieg et al. 1992). The
Eagle Plutonic Complex was uplifted, cooled, and unroofed in
mid-Cretaceous time along the Pasayten fault (Grieg et al. 1992).
In Washington state, the western Okanogan Range is bounded
by the Pasayten fault to the west and includes Jurassic and Creta-
ceous plutons (including the Similkameen pluton; Petö 1974) that
range in age from 166 to 154 Ma (Rb–Sr dates, consistent with K–Ar
dates; Petö and Armstrong 1976) and from 114 to 110 Ma (U–Pb dates;
Grieg et al. 1992; Hurlow 1993). Hurlow and Nelson (1993) con-
cluded that the 114–110 Ma plutons of the Okanogan Range repre-
sent an older, southerly segment of the late Albian volcanic
rocks of the Spences Bridge Group in British Columbia, and de-
fined the Okanogan – Spences Bridge arc as a >300 km long north-
northwest-trending Early Cretaceous magmatic arc intruded into
the western margin of the Intermontane superterrane. This
Okanogan – Spences Bridge arc would be included within the
120–100Ma belt ofmagmatismwithin the southeastern belt of the
Coast Mountains batholith described by the Gehrels et al. (2009)
schematic model.
The mean 87Sr/86Sr value for the Jurassic Okanagan plutons is
0.7042, consistent with magma derivation from metabasic rocks
without input of older, continental crustal material (Petö and
Armstrong 1976). Zircon Hf values from these rocks would likely
reflect this juvenile geochemical signature. However, plutons east
of Okanogan Lake have initial 87Sr/86Sr values of 0.705–0.707, in-
dicating that this region straddles the edge of Precambrian base-
ment (Petö and Armstrong 1976).
The Methow basin formed on the southern Methow block, which
would have been in a forearc position relative to the Jurassic–
Cretaceousmagmatic arc of the southern Canadian Cordillera and
northernWashington State (Monger et al. 1994; DeGraaff-Surpless
et al. 2003; Gehrels et al. 2009); however, the exact position of
Methow basin relative to this long, north-south-trending mag-
matic arc has clearly been modified by younger brittle, dextral
strike-slip motion along the Pasayten fault (e.g., Grieg 1992;
Hurlow 1993). Methow sediment sources must have been almost
entirely limited to sources just east of the middle Cretaceous Pa-
sayten fault, and included only a few grains from other potential
sources further east, including eastern Okanogan intrusive rocks.
Rocks in the Omineca Crystalline belt include hornblende- and
biotite-bearing granodiorite, leucocratic quartz monzonite, and
granite (Carr 1991). Zircons from these rocks are Precambrian
(3300–1800 Ma) and Mesozoic (240, 190–170, and 90 Ma; Carr 1991;
Ross and Parrish 1991), and this region contains basement rocks of
the North American craton (Ross and Parrish 1991; Carr 1995).
Therefore, detrital zircon from the Omineca Crystalline belt would
include abundant Precambrian zircons with a more evolved geo-
chemical signature (Ross and Parrish 1991; Carr 1995) as well as
evidence of Paleozoic plutonism (Carr 1991), neither of which are
significant in the Methow detrital zircon provenance record.
Therefore, the eastern belt of the Coast Mountains batholith, in-
cluding the Eagle Plutonic Complex located south of the Gehrels
et al. (2009) study area, and the westernmost Okanogan Range
likely acted as proximal and localized sediment sources within
the southern Canadian Cordillera, and formed a topographic bar-
rier during Albian–Turonian time that blocked almost all sedi-
ment transport from the rest of the region.
Tectonic implications of Methow provenance
Our interpretation of an eastern Coast Mountains batholith –
western Okanogan Range source for the east-derived strata of the
Methow basin is consistent with previous studies that document
rapid Albian uplift and unroofing of plutons east of the Methow
basin (Grieg 1992; Hurlow 1993; Garver and Brandon 1994; Kiessling
1998). The Pasayten fault likely served as the locus for this early
Albian uplift of eastern sources; in Washington State, the Pasay-
ten fault zone includes a 1 km thick mylonitic shear zone that
records sinistral transcurrent displacement with a component of
down-to-the-west slip (Hurlow 1993). Hurlow (1993) concluded
that emplacement of the 111–114 Ma plutons within the western
Okanogan Range batholith was controlled by dip-slip in a steeply
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dipping, northwest-striking fault zone, with deformation ending
by 100Ma. Hurlow (1993) considered this early east-side-up dip-slip
component to be extensional. However, sinistral oblique slip on
the Pasayten fault was coeval with contraction along the Methow
River thrust zone to the south, which Hurlow (1993) inferred was
due to counterclockwise rotation of the southern Methow block.
Alternatively, sinistral oblique motion on the Pasayten fault has
been interpreted as transpressional along a steeply dipping re-
verse fault (Grieg 1992). Grieg et al. (1992) suggest that the ductile
strain in the 110.5 ± 2 Ma Fallslake plutonic suite of the Eagle
Plutonic complex in southern British Columbia developed during
sinistral, east-side-up reverse displacement, with northeast-dipping
foliation indicating a northeast-dipping orientation for the Pasayten
fault during transpressional ductile shear.
Our preferred model for middle Cretaceous evolution of the
Methow basin begins with Early Cretaceous arc magmatism east
of the basin that supplied abundant volcanic lithic and plutonic
material into the older basin strata in large deltaic and shallow
marine deposits of the northernMethowblock (e.g., the lower and
middle Jackass Mountain Group; Fig. 9A; MacLaurin et al. 2011).
Sinistral transpression during the late Early Cretaceous as west-
ern Cordilleran terranes of the Insular superterrane moved south
(following the schematic model of Gehrels et al. 2009) was par-
tially accommodated along the Pasayten fault. Rapid early Albian
uplift along the Pasayten fault exposed Jura-Cretaceous plutonic
rocks to erosion by middle Albian time, providing a proximal
sediment source for the lithic-poor Harts Pass Formation and also
forming a significant barrier to transport of sediment into the
Methow basin from regions further east (Fig. 9B). Sinistral trans-
pression also resulted in emergence of the Bridge River and Ho-
zameen terranes, forming the western margin of the Methow
basin recorded by westerly derived sedimentation in the Methow
basin. Maximum subsidence of the Methow trough occurred dur-
ing the middle Albian, as terranes both west and east of the basin
were uplifted. The thick turbiditic sandstone and shale of the
Harts Pass Formation were rapidly deposited in the subsiding and
underfilled Methow basin from newly uplifted and unroofed plu-
tons to the east, while less abundant chert-rich detritus of the
Jackita Ridge Formation reached the Methow basin from the west
(Fig. 9B).
By late Albian time, large-scale sinistral translation of the Insu-
lar superterrane and associated uplift of eastern sources along the
Pasayten fault ended, and the region underwent compression as
the Insular superterrane fully accreted to the western margin of
North America (cf. Gehrels et al. 2009). During the late Albian, the
Methow basin nearly filledwith sediment, and compression along
the western margin further uplifted the Bridge River terrane and
produced at least local unconformity within the Methow basin
(Fig. 9C). Without continued eastern uplift after middle Albian
time, the proximal portion of the eastern magmatic arc was pro-
gressively dissected, permitting drainage systems to reach further
east into the still partially intact volcanic carapace, leading to
greater lithic volcanic input into the Winthrop Formation while
maintaining a consistent Jura-Cretaceous detrital zircon age and Hf
signature, and consistent mudrock geochemistry. West-derived
strata of the Virginian Ridge Formation interfingered with east-
derived strata of the Winthrop Formation in late Albian through
Turonian fluvial and deltaic systems that formed with local uncon-
formity on top the middle Albian Harts Pass Formation.
By Turonian time, continued compressional tectonics led to
folding and faulting of Methow strata as well as intrabasinal
magmatism. Contractional deformation within the Methow ba-
sin would have led to uplift and cannibalization of Virginian
Ridge and Winthrop Formation deposits, resulting in Turonian
and younger deposition of the Ventura member of the Goat Wall
unit in angular unconformity with the underlying Virginian
Ridge andWinthrop formations. The ages and relative abundance
of Jurassic and Cretaceous detrital zircon grains in the overlying
GoatWall unit (Fig. 5) are consistentwith previous interpretations
that the Ventura member sandstone was derived from cannibal-
ization of the older Virginian Ridge and Winthrop formations, as
well as from western sources (McGroder et al. 1990; Garver 1992).
Late Cretaceous contraction further deformed the Methow basin,
and Paleogene dextral strike-slip displacement segmented the ba-
sin into its present configuration.
Early Albian uplift of the magmatic arc east of the Pasayten
fault would have provided abundant plutonic sources for the
Methow basin, and explain the lack of detrital zircon grains
younger than about 104 Ma, even as biostratigraphic constraints
suggest deposition occurred through ca. 90 Ma. The variable pro-
portions of Jurassic and Cretaceous ages in the northern and
southern portions of the Methow basin may result from a variety
of factors, including the following: (i) the relative abundance of
these ages in sources immediately east of the basin, with more
Cretaceous plutons exposed to the north and more Jurassic plu-
tons to the south; (ii) differential uplift of sources, with Cretaceous
sources experiencing greater uplift in the north than in the south;
and (or) (iii) complex drainage systems, with amore eastern drain-
age divide in the north than in the south, permitting a greater
contribution of sediment sources within the Cretaceous rocks
further east for the northern part of the Methow basin. Although
our preferred model of basin evolution requires that the Methow
basin was adjacent to its source region in the western Intermon-
tane superterrane, the previous factors and uncertainty in the
extent of post-depositional offset along the Pasayten fault pre-
cludes identification of specific northern Cretaceous and south-
ern Jurassic plutonic sources within the Jura-Cretaceous arc east
of the basin. Because the relative differences in contribution of
Cretaceous versus Jurassic sediment persist throughout the Harts
Pass andWinthrop formations, these differences do not appear to
relate to an increase in Cretaceous sources through the period of
deposition.
Assessing extent of post-depositional coast-parallel
translation
Wyld et al. (2006) reconstructed the mid-Cretaceous paleogeog-
raphy of the United States and Canadian Cordillera by restoring
known and hypothesized displacements within contractional and
extensional belts and along the major strike-slip faults of the
northern Cordillera. In what Wyld et al. (2006) refer to as the
“minimum offset model”, their 100 Ma reconstruction restores
the Methow basin 300 km south of its present location, placing
the basin northwest of the Blue Mountains Province and hypoth-
esizing a combined Hornbrook–Ochoco–Methow basin that may
have shared a common mid-Cretaceous history (Wyld et al. 2006).
The “minimumoffsetmodel” also shifts terranes of the Intermon-
tane superterrane further south, keeping the Quesnel terrane di-
rectly east of the Methow–Tyaughton system, consistent with our
provenance results.
A large sedimentary system such as the proposed combined
Hornbrook–Ochoco–Methow basin would probably record differ-
ent provenance signatures for different locations within the basin
system, such as a Klamath Mountains source for the Hornbrook
Formation in the southwest and a BlueMountains Province source
for the Ochoco basin in the southeast. However, it seems unlikely
that there would be no record of mixing of sediment within the
larger basin system, particularly in the deeper marine turbidite
systems that characterized the mid-Cretaceous Methow, Horn-
brook, and Ochoco basins. Mid-Cretaceous strata of the Horn-
brook Formation have Early Jurassic and Late Jurassic through
Early Cretaceous detrital zircon age peaks, with abundant grains
between 150 and 125Ma and only a handful of grains younger than
130 Ma (Surpless and Beverly 2013). The complete lack of the 120–
105Ma zircon grains in themid-Cretaceous Hornbrook Formation
that are so prominent in theMethow basin, and similarly, the lack
of 140–120 Ma grains in the Methow basin that are so common in
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Fig. 9. Cartoon block diagrams illustrating model for mid-Cretaceous evolution of the Methow basin. (A) Deposition of the lower and middle
Jackass Mountain Group during Early Cretaceous time in a forearc setting with subduction occurring to the west. (B) Sinistral transpression as
the outboard Insular superterrane moved >800 km southward resulted in transpression in the Methow region; sinistral and reverse dip-slip
motion along the Pasayten fault caused uplift of the magmatic arc rocks intruded into the Intermontane superterrane east of the fault.
Transpression also led to uplift of the western margin of the Methow basin, resulting in rapid middle Albian subsidence of the Methow
trough and deposition of the east-derived Harts Pass Formation and the west-derived Jackita Ridge Formation and Little Jack unit in the
underfilled basin. (C) Cessation of dip-slip motion on the Pasayten fault resulted in dissection of the uplifted highlands east of the basin,
permitting fluvial systems to reach further east into the undissected magmatic arc. Continued compression through Turonian time provided
abundant west-derived sediment of the Virginian Ridge Formation that interfingered with the east-derived sediment of the Winthrop
Formation.
N
S
EW
A. Barremian(?)-early Albian (131-109 Ma)
Pre-Cretaceous Methow Terranes
?
?
B. middle Albian (109-105 Ma)
Pre-Cretaceous Methow Terranes
C. late Albian-Turonian (105-90 Ma)
?
Pre-Cretaceous Methow Terranes
pre-Cretaceous assemblages
Jurassic plutons
Cretaceous plutons
Jura-Cretaceous volcanic carapace
lower-middle Jackass
Mountain Group
Harts Pass Formation
(upper Jackass Mountain
Group in Canada)
Winthrop Formation
Virginian Ridge
Formation
Jackita Ridge Formation
and Little Jack unit
Surpless et al. 353
Published by NRC Research Press
the Hornbrook basin suggests that these were separate systems
during the mid-Cretaceous. These two basins also experienced
very different tectonic histories, as the mid-Cretaceous history of
the Hornbrook basin is one of subsidence rather than compres-
sion or transpression, as sedimentation in the Hornbrook basin
shifted from alluvial systems in Albian time to shelf and deep
basin deposition during Cenomanian throughMaastrichtian time
(Nilsen 1993; Surpless and Beverly 2013).
Moreover, the Blue Mountains province does not present a
likely source region for the Methow basin. Terranes of the Blue
Mountains province include a Permian island-arc sequence over-
lain by Triassic volcanic and volcaniclastic rocks, a Middle to Late
Triassic island-arc assemblage containing mostly andesitic volcanic
rocks with intercalated sedimentary rocks, disrupted frag-
ments of ocean floor, island-arc volcanic, plutonic, and sedi-
mentary rocks ranging in age from Middle Devonian to Early
Jurassic, and a Triassic–Jurassic sedimentary overlap succession
that contains abundant Precambrian detrital zircon (Vallier 1995;
LaMaskin et al. 2008, 2011; Schwartz et al. 2010). The Blue Moun-
tains Province is intruded by Triassic, Jurassic, and Cretaceous
plutons ranging in age from ca. 260 to ca. 160 Ma, ca. 147 Ma, and
ca. 115 Ma (Unruh et al. 2008; Anderson et al. 2011; Schwartz et al.
2011). Therefore, although the Blue Mountains Province includes
plutonic rocks of Jurassic and Cretaceous age, it also includes a
wide range of older plutonic rocks, and detrital zircon derived
from the Blue Mountains Province during the mid-Cretaceous
would likely reflect this wider range of plutonic ages as well as
abundant Precambrian zircon recycled through Triassic and Juras-
sic cover strata.
The Baja British Columbia hypothesis (“Baja BC” after Irving
1985) suggests that the Intermontane and Insular superterranes
accreted to North America much farther south and were trans-
lated to their present positions along major dextral strike-slip
faults (Champion et al. 1984; Irving 1985; Irving et al. 1985; Irving
and Wynne 1990; Cowan et al. 1997; Haggart et al. 2006). In this
model, the Insular superterrane would have accreted to North
America as far south as present-day Baja California in western
Mexico at ca. 100 Ma, and then translated north to join with the
Intermontane superterrane after 70 Ma, and then both would
have continued north to their present positions in British Colum-
bia (e.g., Irving et al. 1996; Haggart et al. 2006).
The Baja BC hypothesis predicts sediment sources of east-
derived strata in the Methow basin would be located in the Pen-
insular Ranges batholith or Mojave–Sonora region of northern
Mexico rather than within the western Intermontane superter-
rane, but, as previous study of the Methow basin provenance
showed (DeGraaff-Surpless et al. 2003), neither of these regions
provide a clear match for our Methow basin provenance results.
The Peninsular Ranges is generally divided into eastern and west-
ern arcs (Johnson et al. 1999) that range in age from 140 to 94 Ma,
with the majority of plutons falling between 120 and 95 Ma
(George and Dokka 1994; Johnson et al. 1999; Kistler et al. 2003;
Ortega-Rivera 2003; Wetmore et al. 2003). The eastern arc is con-
tinental in character, with 99–92 Ma tonalitic and granodioritic
plutons that have 87Sr/86Sr values close to 0.708 (DePaolo 1981;
Kimbrough et al. 2001; Kistler et al. 2003), while the western arc
includes 140–105 Ma gabbroic tomonzogranitic plutons with 87Sr/
86Sr ≤ 0.704 and Nd ≥ +3.7 and a more significant volcanic com-
ponent than the eastern arc (DePaolo 1981; Johnson et al. 1999;
Kimbrough et al. 2001; Todd et al. 2003). The Albian Alisitos For-
mation is a clastic sedimentary sequence in the western arc of the
Peninsular Ranges that contains abundant volcanic lithic grains
(Wetmore et al. 2003), unlike the coeval lithic-poor strata of the
Harts Pass Formation in the Methow basin. Similarly, the Turo-
nian Vizcaino sandstone of the Peninsular Ranges forearc basin
has a large detrital zircon peak at 100–90 Ma tied to the rapidly
exhumed 99–92 Ma La Posta suite of the eastern Peninsular
Ranges arc (Kimbrough et al. 2001), which is much younger than
anything seen in coeval Cenomanian–Turonian strata of the Win-
throp Formation in theMethow basin. Neither the eastern nor the
western arc of the Peninsular Ranges contains the abundant Ju-
rassic plutons characteristic of the Methow basin provenance.
Although latest Triassic through earliest Cretaceous plutons are
common in the Mojave and Sonora regions of southern California
and northwest Mexico (Asmerom et al. 1990; Sedlock 2003), they
intrude Cambrian to Triassic miogeoclinal strata which overlie
several Proterozoic crustal provinces (e.g., Wooden and Miller
1990). The majority of plutonism in the Mojave–Sonora region
postdates Methow basin deposition, when granitic plutons in-
truded into Precambrian basement and Proterozoic–Mesozoic
sedimentary sequences during the Laramide Orogeny (90–40 Ma;
Valencia-Moreno et al. 2001). 87Sr/86Sr values for the region range
from 0.703 to 0.706 (Sedlock 2003). Therefore, unlike the prove-
nance record of the Methow basin, mid-Cretaceous sediment de-
rived from this region would likely include a wide range of
Mesozoic plutonic ages with variable geochemical signatures, as
well as sediment recycled from Paleozoic strata.
Displacement models intermediate to the minimum offset and
Baja BC hypotheses place the Methow basin outboard of source
regions in the Klamath–Sierran arc as well as the Great Valley
Group and Franciscan complex (e.g., Umhoefer 2003; Umhoefer
and Blakey 2006). The well-documented magmatic history of the
Klamath–Sierran arc includes several distinct pulses during the
Early Jurassic through Early Cretaceous (Irwin and Wooden 1999;
Allen and Barnes 2006), with the largest volume of plutonism in
the Sierra Nevada Mountains occurring between 100 and 85 Ma
(Ducea 2001; Irwin 2003). The Cretaceous Great Valley Group is
both depositionally and structurally tied to the Klamath–Sierran
arc (e.g., Moxon 1990; DeGraaff-Surpless et al. 2002) and mid-
Cretaceous Great Valley Group strata display detrital zircon age
peaks primarily between 180 and 102 Ma, with a few samples
showing nearly unimodal distributions ca. 140–145 Ma (DeGraaff-
Surpless et al. 2002). These Great Valley Group detrital zircon signa-
tures donotmatch theMethowbasin provenance signature,making
a Klamath–Sierran source for the mid-Cretaceous strata of the
Methow basin unlikely.
Our Methow basin provenance results cannot be used to test
tectonic models that place both the Intermontane and Insular
superterrane together at southern latitudes (e.g., Enkin et al.
2006). Our results are consistent with previous studies that sug-
gest Methow provenance within the western Intermontane su-
perterrane, along with the westernmost Okanogan Range (e.g.,
DeGraaff-Surpless et al. 2003), but cannot preclude the possibility
that both the eastern Coast Mountains batholith and the Inter-
montane superterrane into which it intrudes were also located
further south. The lack of abundant Precambrian detrital zircon
in the Methow strata prevents any definitive links between the
Methow basin and specific regions of the North American craton.
Given the likelihood of zircon recycling and homogenization of
Precambrian detrital zircon through time (cf. LaMaskin et al.
2011), reliance on Precambrian detrital zircon ages alone is un-
likely to resolve the translation debate.
Conclusions
Detailed provenance analysis of the east-derived, mid-Cretaceous
strata of the Methow basin reveals a remarkably uniform source
signature dominated by Jurassic and Cretaceous plutonic and vol-
canic rocks. The eastern belt of the Coast Mountains batholith
that intruded into the Intermontane superterrane in two mag-
matic flux events at ca. 160 and 120–110 Ma (Gehrels et al. 2009),
combined with Jurassic and Cretaceous plutons in the western-
most Okanogan Range, represent the most likely sediment
sources for east-derived Methow strata, given their proximity and
matching ages, compositions, and geochemistry. Our results sug-
gest thatmid-Cretaceous deposition in theMethow basin began in
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a sinistral transpressional setting, with reverse faulting along a
northwest-striking Pasayten fault, resulting in uplift of the adja-
cent highlands east of the fault. Transpression also uplifted the
western margin of the basin beginning in middle Albian, leading
to maximum subsidence of the Methow trough and rapid deposi-
tion of the east-derived Harts Pass Formation. Eastern uplift and
subsidence of the Methow basin ended by late Albian as uplift of
the western margin continued, resulting in west-derived Virgin-
ian Ridge sedimentation and east-derived Winthrop Formation
sedimentation in shallow marine and nonmarine systems. With
increasing dissection of the magmatic arc east of the basin, the
drainage divide shifted further east, adding volcanic sediment
derived from the undissected eastern arc to Methow basin strata
during Winthrop Formation deposition. Following deposition of
theWinthrop Formation and the younger volcanic GoatWall unit
within the basin, regional contraction led to intrabasinal thrust
faulting and closure of the Methow basin. Our provenance results
are consistent with tectonic models that place the Cretaceous
Methow basin directly west of the eastern belt of the Coast Moun-
tains batholith and the Okanogan Range, but do not preclude
potential large-scale translation of both the Methow basin to-
gether with its proximal eastern sources along a hypothetical
fault system located somewhere east of the Methow basin sources
that were within the western Intermontane superterrane.
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